Key features of clathrin-mediated endocytosis have been conserved across evolution. However, endocytosis in Saccharomyces cerevisiae is completely dependent on a functional actin cytoskeleton, whereas actin appears to be less critical in mammalian cell endocytosis. We reveal that the fundamental requirement for actin in the early stages of yeast endocytosis is to provide a strong framework to support the force generation needed to direct the invaginating plasma membrane into the cell against turgor pressure. By providing osmotic support, pressure differences across the plasma membrane were removed and this reduced the requirement for actin-bundling proteins in normal endocytosis. Conversely, increased turgor pressure in specific yeast mutants correlated with a decreased rate of endocytic patch invagination.
Endocytosis is a highly regulated and essential process in most eukaryotic cells. It is required for the recycling of plasma membrane lipids and trafficking proteins, and for uptake or down-regulation of cell-surface receptors. During endocytosis, the plasma membrane invaginates into the cell, resulting in the production of a vesicle, which is able to fuse with endosomes. Work in the model organism Saccharomyces cerevisiae has led to significant advances in our understanding of the distinct stages that take place during endocytosis in vivo. It is now widely believed that the main stages of coat assembly (early), invagination (mid) and scission/ inward movement (late) are largely conserved across evolution, and that in many cases direct protein homologues are responsible for carrying out the same steps 1 . One notable difference between yeast and mammalian cells is that F-actin is absolutely required during plasma membrane invagination in yeast. Sequestering monomeric actin with latrunculin, or stabilising it with jasplakinolide blocks yeast endocytosis [2] [3] [4] . In mammalian cells, although actin is known to localize to sites of endocytosis, blocking its function does not generally prevent invagination, though the later stage of vesicle scission can be inhibited [5] [6] [7] . This observed difference between the systems has led to questions over the degree to which the yeast model can be generally applied.
In this study, we aimed to address the reason for the observed differences in actin requirement. Considering the fundamental nature of the cells involved, we reasoned that the primary distinction is the cell wall. This is needed in yeast to prevent lysis due to the internal turgor pressure of the cell, leading us to hypothesize that an F-actin framework is needed to support the force generation required to pull membrane into the cell against this turgor pressure.
To investigate this possibility, we used cells that lack the actin-bundling proteins Sac6 and Scp1, which normally allow cells to crosslink F-actin and generate a strong meshwork during endocytic invagination. In cells lacking these proteins most endocytic assembly events fail, with both reduced invagination and post-scission movement 8 . If an actin framework is only required to support force generation for directing the invagination into the cell against the internal pressure of the cell, then the requirement for the actin bundling proteins should be lost if turgor pressure is reduced.
To test this, we assessed the lifetime of GFP-Abp1 (GFP, green fluorescent protein) in patches at the plasma membrane in wild-type cells and in cells lacking either one (∆sac6 or ∆scp1) or both (∆sac6∆scp1) of the actin-bundling proteins. GFP-Abp1 is widely used as a reporter of the mid to late stages of endocytosis, and marks the stage at which actin is assembled at the endocytic site. To reduce the effects of turgor pressure, sorbitol was added to the medium. Using a range of sorbitol concentrations (0.25-1 M) and incubation times (10 min and 4 h), we observed that the addition of sorbitol could fully rescue the endocytic lifetime defects of both single mutants and could substantially rescue the double mutant defect. Rescue was fully evident after just 10 min treatment with 0.5 M sorbitol, indicating that gene expression is not required for the effect. To demonstrate that a reduction in lifetime also corresponded to a rescue in invagination, kymographs were used to study endocytic patches. Kymographs are generated by collating images of the same fluorescent spot taken in a time-lapse series. Thus, they are able to provide information on spatial position over time. Time is represented in the x axis and the distance of any movement (i.e. invagination), in the y axis. As shown in Fig. 1b , inward movement of the patches can be clearly seen in both single and double mutants. Quantification of the rescue revealed a significant increase in the number of endocytic patches able to internalize ( Fig. 1c ). Finally, the effect of sorbitol on the fluid phase uptake of a fluorescent dye, Lucifer yellow, was followed. As expected, the double mutant ∆sac6∆scp1 showed almost no uptake of the dye. Interestingly, in the presence of sorbitol, uptake into vesicles was observed but the movement of the vesicles to the vacuoles seemed inhibited (Fig. 1d ). This indicates that although sorbitol can alleviate functions associated with turgor pressure at the plasma membrane, once vesicles have formed in the cell they continue to require bundled or crosslinked actin to move away from the membrane.
Whereas a requirement for actin-bundling during invagination and fluid phase endocytosis can be rescued by addition of sorbitol, there may still be a requirement for F-actin alone. To address this, cells were treated with 400 μM of latrunculin-A, which caused complete disassembly of actin patches 3 . Sorbitol was then added to cells and uptake of Lucifer yellow was followed. Given that movement to the vacuole was not observed, uptake was categorised as unsuccessful when bright patches were still in the plane of the membrane, invaginated when the patch had moved out of the plane but was still contiguous or successful when a region with no fluorescence could be seen between the vesicle and the plasma membrane. As shown in Fig. 1e , whereas addition of latrunculin-A blocks successful uptake of the fluid phase marker, this can be significantly rescued by the addition of sorbitol, demonstrating that even a complete absence of F-actin can be at least partially rescued by addition of sorbitol. Analysis of these data also indicates that whereas addition of sorbitol seems to assist the invagination step of endocytosis, it has a slight inhibitory effect on the scission and post-scission stages. This might explain why a previous study, assessing endocytic uptake rates (rather than distinct stages), showed an inhibition of endocytosis under hypertonic conditions 9 . While the data strongly support a link between turgor and a requirement for actin during the invagination stage of endocytosis, an important test of the hypothesis is that increasing turgor pressure should make invagination more difficult. This could manifest as an increase in the lifetime of endocytic patches, and potentially as an increased rate of failed internalization events. To address this possibility, we used mutant yeast strains reported to have increased cell turgor pressure. These are strains lacking the non-essential type 1 protein phosphatases Ppz1 and Ppz2. The Ppz-deficient strains have increased steady-state K + levels and K + is the major determinant of turgor pressure in S. cerevisiae 10, 11 . In strains lacking either one or both of the ppz genes, the lifetime of GFP-Abp1 was measured. Deletion of the ppz genes led to a marked increase in the lifetime of the GFP-Abp1 endocytic protein at the site of endocytosis ( Fig. 2a ). Furthermore, assessment of successful invaginations revealed that loss of both of these type I phosphatases markedly reduced the chance of successful invagination from 82.5% to 10%. Kymographs also revealed differences, with a clear increase in the non-motile stage of endocytosis (Fig. 2b) .
A shift to hypotonic conditions also increases turgor, and under such conditions yeast cells pump glycerol from the cell using the Fps1 transporter to restore osmotic balance. The behaviour of GFP-Abp1 patches was analysed in wild-type cells and in a strain deleted for fps1, before and after exposure to hypotonic conditions (see Methods). Although the GFP-Abp1 lifetime was not significantly affected under these hypotonic conditions, there was a dramatic increase in the proportion of assembly events that did not culminate in successful invagination. The parental wild-type strain showed only 9% of failed internalization events, compared with 47% failed events after 15 min incubation in hypotonic conditions. The ∆fps1 strain showed 41% failed events before shifting to hypotonic conditions, and after the shift no patches were observed to internalize (n ≥ 30).
Together, these data support the idea that increased turgor pressure and an impaired response to this change (as in ∆fps1) is detrimental to the ability of a cell to invaginate its plasma membrane as required for endocytosis.
Given the data, a simple model can be presented whereby a robust actin meshwork is required to support the inward growth of the plasma membrane in endocytosis, which occurs due to the turgor pressure across the yeast plasma membrane (Fig. 2c) . Alleviation of the pressure reduces the requirement for actin, whereas increased pressure makes invagination more difficult. have been linked to an increase in turgor pressure 10 . Strains lacking either or both ppz1 and ppz2 were transformed with GFP-Abp1 and the GFP lifetimes in the endocytic patch complexes measured. Because the timings of W303 and BY4741 wild-type strains are different for endocytic markers, the timings here are relative to each parental strain. Differences between wild-type cells and all mutants are statistically relevant. Student' s t-test comparisons show: wild type to ∆ppz1, P = 0.02; wild type to ∆ppz2, P = 0.005 and wild type (W303) to ∆ppz1∆ppz2, P ≤0.0001. The number of patches assessed for each sample was ≥ 30 from ≥ 4 cells. Data are mean ± s.e.m. Numbers above bars denote n values. (b) Kymographs from wild-type and ∆ppz1∆ppz2 strains illustrating the marked effect of their deletion on endocytic invagination. (c) A model to illustrate the findings. (i) In the exponential phase of wild-type cells, the inward force generation by actin in association with its bundling proteins is sufficient to overcome the outward force of turgor pressure. (ii) In actinbundling mutants, little invagination is observed owing to the inability of the actin meshwork to support the required inward force. (iii) Addition of sorbitol effectively balances out cell turgor pressure and substantially alleviating the requirement for actin during invagination. Actin, red; endocytic coat, blue; turgor, black arrows; external osmotic force, green arrows and direction of invagination, red arrows.
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Overall, our data clearly demonstrate that turgor pressure is a key factor in the requirement for a robust actin meshwork to form during endocytosis in yeast cells. Although the endocytic coat contains several proteins that are capable of deforming a membrane (for example, ENTHdomain proteins), it cannot ensure inward growth of a membrane. Only with the force of actin polymerisation, driven by the Arp2/3 complex and the type-I myosins, and the binding of this F-actin into bundles and crosslinked meshworks can a membrane be successfully invaginated such that it can be pinched off to form a vesicle. Our data also show that after scission, actin is still required for movement of the vesicles away from the membrane. The alleviation of the pressure differences across the plasma membrane effectively increases the similarity of yeast cells to mammalian cells by revealing a greater requirement for actin at later, rather than early invaginating, stages of endocytosis. Yeast growth. Cells were grown with rotary shaking at 30 °C in liquid YPD medium (1% yeast extract, 2% Bacto-peptone and 2% glucose supplemented with 40 μg ml -1 adenine) or in synthetic medium (0.67% yeast nitrogen base and 2% glucose) with appropriate supplements. Transformations were performed using lithium acetate as described 12 . Sorbitol was added to cultures for 10 min or 4 h at 0.5 M, unless otherwise indicated. Because we were unable to generate a viable ∆ppz1∆ppz2 double mutant in the Euroscarf strain used for our other experiments, this mutant was obtained from L. Yenush and compared directly to its W303 background parent. Strains used in this study are listed in Table 1 .
METHODS

Methods
For live-cell imaging, cells were transformed with GFP-Abp1 (ref. 13 ) and expressed tagged proteins were visualized after growing to early log phase in synthetic medium with appropriate supplements.
For the latrunculin-A titration assay, cells were grown to mid log phase. Latrunculin-A was added at concentrations between 50-400 μM and cells were incubated in a bench-top rotator for 10 min. To assess the effect of diminished/ reduced turgor pressure, cells were incubated with 0.5 M sorbitol for a further 20 min. Lucifer yellow staining was carried out as described below.
Hypotonic conditions were induced as described previously 14 . Briefly, overnight cultures of KAY446 expressing GFP-Abp1 were refreshed (200 μl per 5 ml medium) in synthetic drop-out uracil medium (containing 0.86 M NaCl and 0.5 M sorbitol) for 3 h. Samples were taken at this stage to assess patch behaviour. Cells were then diluted in 1:5 dH 2 O and viewed with fluorescence microscopy to assess the behaviour of Abp1-GFP. Videos were taken at 0, 15 and 30 min.
Fluorescence microscopy. For Lucifer yellow, uptake assays were performed essentially as described previously 15 , but with some modifications. Briefly, cells were grown in liquid YPD to reach O.D 600nm = 0.5 after which 1 ml was spun down at 2500g for 3 min. The pellet was resuspended in YPD (30 μl) and Lucifer yellow (10 μl of 40 mg ml -1 ; Fluka; made up in water and stored in the dark at 4 ˚C) was added to the suspension. This was incubated in a shaking incubator at 30 °C (or at room temperature on a table top rotor) for 20 min. Cells were washed three times with 1 ml ice-cold succinate-azide buffer (50 mM succinate and 20 mM sodium azide at pH 5.0). The pellet was resuspended in 10 μl of succinate-azide buffer and left on ice until ready to be visualized by fluorescence microscopy, as below.(λ ex , 428 nm and λ em , 530 nm).
Fluorescence microscopy was performed on an Olympus IX-81 inverted microscope with a DeltaVision RT Restoration Microscopy System running SoftWoRx image analysis and model-building application (Applied Precision Instruments) or an Olympus IX81 using image acquisition software (Image-pro plus).
Time-lapse live cell imaging of GFP-tagged proteins was performed with a 90 sec time-lapse. All image datasets were deconvolved, the distances moved by fluorescence spots were measured and the image coordinates and tracking of patch movements were established using the SoftWoRx application. Images were exported as TIFF files and sizes were adjusted to 300 dpi and assembled using Adobe Photoshop CS2. Kymographs were assembled using ImageJ software.
Statistics. Graphpad Prism software was used to statistically analyse the lifetime and uptake of Lucifer yellow dye. All error bars are mean ± s.e.m. Experiments for measuring lifetime and behaviour of GFP-Abp1 analysed a minimum of 30 endocytic spots in a minimum of 4 cells. Experiments assessing uptake of the fluid phase dye Lucifer yellow measured a minimum of 140 spots in at least 60 cells.
